Eleven 6-month-old calves were tsetse fly challenged with a stock of Trypanosoma vivax (lL 2337) that causes hemorrhagic infection. The calves were randomly euthanatized every 4 to 6 days; two other calves served as controls. Peripheral blood changes included anemia, thrombocytopenia, and an initial leukopenia. Later in the course ofinfection, leukocytosis associated with lymphocytosis and neutropenia developed. Moderate reticulocytosis (highest mean count 3.6 ± 3.7%, maximum count 9.4%) accompanied the first wave of parasite mia, but poor response (highest mean 0.4 ± 0.0%) occurred during the second wave, despite the persistence of severe anemia. Light microscopic examination of bone marrow samples showed a drop in the myeloid: erythroid ratio with a decrease in granulocytes, particularly metamyelocytes, bands, and segmenters. Increase in lymphocyte counts corresponded with the appearance of lymphoid nodules within the marrow. Megakaryocytic volume increased significantly in infected animals, and some megakaryocytes showed emperipolesis of red cells, neutrophils, and lymphocytes. Transmission electron microscopic examination of the bone marrow revealed that trypanosomes had crossed the sinusoidal endothelium into the hematopoietic compartment as early as the second day of parasitemia. Macrophages proliferated in the bone marrow; and from the second day of parasitemia until the end of the experimental infection, on day 46, the macrophages had phagocytosed norrnoblasts, eosinophil and neutrophil myelocytes, metamyelocytes, bands, and segmenters, as well as reticulocytes, erythrocytes, and thrombocytes. Therefore, dyserythropoiesis and dysgranulocytopoiesis were responsible, in part, for the observed anemia and granulocytopenia, respectively.
A comparative review of hematologic changes in human and animal trypanosomiasis" has shown that trypanosome infections generally occur in three phases. The early waves ofparasitemia induce an "acute crisis" characterized by high parasitemia and a pancytopenia. This crisis may result in death or may be followed by a "chronic crisis" of variable duration with less intense parasitemia but with the persistence ofanemia, thrombocytopenia, and, in some cases, leukopenia. Many infected animals and human beings may also die during the chronic phase of disease, but those that survive progress into a third phase, "recovery."
Although changes in peripheral blood during trypanosomiasis have been studied extensively.s-" the responses ofthe bone marrow in these phases ofinfection have seldom been studied. Generally, the acute crisis is characterized by expansion of hematopoietic tissue in the long bones, with erythroid hyperplasia.v' Bone marrow aspirates were significantly more cellular in cattle infected with Trypanosoma congolense than in controls," but nucleated cell counts offemoral marrow decreased in mice infected with T. brucei.4Reticulocyte 33 counts were considerably elevated in infections caused by tissue-invading trypanosomes, such as T. brucei infections of rodents.v-" and T. rhodesiense infection of monkeys." In contrast, reticulocytes were either absent or only slightly elevated in infections of ruminants with the non-tissue-invading trypanosomes, such as T. vivax and T. congolense.t-v/"" Nevertheless, evidence that some immature erythrocytes reach the circulation in these infections is provided by development of macrocytosis, 7, 22, 36, 43, 49, 50 by increases in the erythrocyte o-aminolevulinic acid concentration," 1 and by accelerated iron uptake." Macrocytosis and elevation of erythrocyte enzyme (hexokinase, pyruvate kinase) concentrations also occur in murine T. brucei infections. 10.26 ,27 The chronic anemia of T. congolense and T. vivax infections in ruminants is associated with bone marrow hypoplasia, microcytosis, and an iron uptake slightly greater than that of controls, and reticulocytes virtually disappear from the blood, despite the persistence of anemia. 7,17,21,35,50,54. The isolates of T. vivax-inducing hemorrhagic in-odylate buffer (pH 7.4) containing 3 mM calcium chloride. Thin smears of bone marrow were stained with Wright-Leishman or May-Grunwald-Giemsa." Core biopsies of marrow were preserved in 10% neutral buffered formalin. Differential cell counts (based on 500 cells) were made from the marrow of ribs of nine calves (Nos. 1-4,8-10, 12, 13) . Because of the poor quality of the smears made from the ribs of four calves, counts were made from the sternal bone marrow of three calves (Nos. 6, 7, II), and from the femur of calf No. 5. The cytologic findings of the bone marrow from the three sites were similar. The diameters of 50 randomly selected megakaryocytes in the marrow smear of each animal were measured with an ocular micrometer. Similarly, the diameters of 100 macrophages were measured in the ten infected calves (Nos. [4] [5] [6] [7] [8] [9] [10] [11] [12] [13] , and the cells phagocytosed by these macrophages were counted. In control calves (Nos. I, 2) and the calf examined during the prepatent period (No.3), the number of macrophages was less than 1% of the total marrow cells; therefore, only 50 macrophages were examined.
Formalin-fixed marrow samples were decalcified, sectioned, and stained with hematoxylin and eosin. The sections were evaluated for cellularity and studied for lesions. The number of megakaryocytes per field of marrow from each sampling site was determined with a l Ox objective by using a rectangular ocular graticule that measured a field of 0.9 x 1.35 mm. Counts were made from five fields, with a total area of 6.1 sq. mm per slide and the counts expressed as megakaryocytes per sq. mm. The glutaraldehyde-fixed samples of bone marrow were post-fixed in osmium tetroxide, stained with uranyl acetate, dehydrated with ethanol, embedded in an epon-araldite mixture, sectioned, and stained with uranyl acetate and lead citrate. Samples were examined on a Zeiss EM lOA transmission electron microscope (Carl Zeiss GmbH, Oberkochem, Germany).
Data are given as mean ± standard deviation and analyzed statistically by Student's t-test.
Because the first fly-challenged calf (No.3) was euthanatized before the onset of parasitemia, it was excluded in computing the data from the infected animals, leaving a balance of ten infected calves.
Results

Parasitologic and hematologic changes
Parasites were first detected in the blood on day 8 post-challenge in five calves and on day 9 post-challenge in five calves. The first wave of parasitemia was very high ( Fig. 1 ) and persisted uninterrupted for 15 days in one calf, 16 days in three calves, 17 days in one calf, and 18 days in one calf (x = 16.3 ± 1.0 days). The second wave, which began on the 27th or 28th day post-infection, lasted an average of 10 days and had a lower parasitemia ( Fig. 1) .
A pancytopenia developed rapidly during the first wave of parasitemia (Figs. 1, 2); the lowest leukocyte count, platelet count, and packed cell volume (peV) were recorded on days 13, 16, and 22 post-challenge, respectively. The total leukocyte counts returned to 48 
Days after fly challenge Days after fly challenge normal during the latter part of the first wave of parasitemia, with a leukocytosis developing between days 25 and 31 post-challenge. A less marked drop-rise sequence was associated with the leukocyte response during the second wave of parasitemia. The leukopenia was due to lymphopenia, neutropenia with left shift, and eosinopenia (Table I) . Leukocytosis, which occurred later, was essentially due to lymphocytosis ( Fig.  2 , Table 1 ). Many mature neutrophils of the infected calves were hyposegmented, with two unequal segments or with two large equal segments. The severe anemia that developed abated slightly at the end of the first wave of parasitemia, but an equally severe anemia developed during the second wave of parasitemia. The last infected calf euthanatized (No. 13) showed signs of recovery, with PCV rising from 14% on day 33 to 29% terminally ( Fig. 1 ). Anisocytosis, which was slight in control calves, became more marked as the infection progressed. The anisocytosis was due initially to the presence of macrocytes, most of which were fully hemoglobinated; but a few showed diffuse or punctuate basophilia. In addition to macrocytes, microcytes appeared in circulation from day 21 postchallenge, making the anisocytosis even more striking. Schistocytes were seen once each in two infected calves (No. 8 and No. 11) . These two calves also had the highest reticulocyte counts during the study.
Reticulocytes were consistently absent from the blood of the two controls. Reticulocytes first appeared in the blood of three infected calves (Nos. 8, 11, 13) on day 18 post-challenge (PCV: 21%, 13%, 11%), in three other calves (Nos. 7, 9,12) on day 19 (PCV: 21%,14%, 24%), and in a seventh calf (No. 10) on day 20 (PCV: 25%). The two highest reticulocyte counts, 9.4% and 8.0%, were recorded on day 22 post-challenge in calf NO.9 (PCV: 12%) and on day 23 in calf No. 8 (PCV: 12%),respectively. The highest mean reticulocyte count (3.6 ± 3.7%) was recorded on day 22 post-challenge when the lowest mean PCV (15.0 ± 4.0%) was also recorded (Fig. 1) . The reticulocyte counts dropped as the first wave of parasitemia waned, and the PCV rose. During the second wave ofparasitemia, the severe anemia did not stimulate any significant increase in reticulocytes. The lowest mean PCV of this second wave, which was recorded on day 34 post-challenge, was 15.7 ± 3.8%, with a reticulocyte count of 0.4 ± 0%. Thrombocytopenia developed rapidly with the onset of the first wave of parasitemia, and platelet counts persisted at extremely low levels throughout the infection, with transient mild recoveries at the end of the first and second waves of parasitemia ( Fig. 2 ). Clumping of platelets was first observed in hemocytometer chambers in calf No. 9 on day 11 post-challenge when this animal had the lowest platelet count (0.6 x 10 5 / J,d); clumping became common in all infected animals from day 25 post-challenge, occurring in 45% ofcounts made from this day to the end of the experiment. Similarly, platelet clumping, which was not seen in control animals, became common in blood smears of infected calves from day 21 post-challenge and was seen in 93% 
Gross changes in the bone marrow and other hematopoietic organs
In the control calves, the femoral marrow was yellow except in the proximal epiphysis, which had small amounts of red marrow. Red marrow appeared in the proximal and distal epiphyses ofthe femur in five calves euthanatized between days 6 and 20 post-challenge (Nos. [3] [4] [5] [6] [7] . Red marrow expanded into the shaft of the femurs in the other infected calves (Nos. [8] [9] [10] [11] [12] [13] . Two calves (Nos. 9, 11), which were moribund when euthanatized, were severely icteric. Generally, infected animals showed splenomegaly and hepatomegaly. Mean spleen weight, as a percentage of body weight, was 0.302 ± 0.139% body weight (bw) for control calves compared with 0.921 ± 0.296% bw for infected calves (P < 0.025). Similarly, mean liver weight of control calves was 1.608 ± 0.173% bw compared with 2.361 ± 0.425% bw for infected calves (P < 0.05). There were hemorrhages on serosal surfaces of the adrenals, kidneys, hearts, lymph nodes, lungs, and intestines of five calves (Nos. 5-9).
Light microscopic changes in bone marrow smears
Cytologic examination of the bone marrow of infected calves revealed several abnormalities ( Table 2 ). The myeloid: erythroid ratio dropped progressively as the infection advanced. A few erythrocytic precursors had abnormal mitoses, and some were multinucleated. Many small-sized erythroblasts with large nucleoli were seen. Granulocytic precursors were depressed at all levels, but particularly at the more mature stages, such as metamyelocytes, bands, and segmenters ( Table 2) , which constitute the marrow granulocytic storage pool or reserve. Consequently, the granulocytic maturation rate, i.e., the ratio of nonmitotic to mitotic granulocytes, dropped from 2.57 ± 0.45 in control calves to 1.19 ± 0.43 in the infected calves (P < 0.005).
The percentages of the lymphocytes, lymphoblasts, monoblasts, promonocytes, and macrophages increased in the bone marrow. In the infected calves, the mean lymphocyte, monoblast/promonocyte, and macrophage percentages were 11.1 ± 0.6, 4.0 ± 4.4, and 5.0 ± 4.5, compared with 5.9 ± 2.7%, 1.5 ± 0.1%, and 0%, respectively, in control calves.
The mean diameter of 100 macrophages from the two control calves (Nos. 1,2) was 12.9 ± 1.7 Mm. The mean diameter of macrophages of the ten calves with patent parasitemia ranged from 16.4 ± 2.1 to 22.3 ± 5.4 Mm ( Table 3 ). The mean values for these infected calves were significantly greater (P < 0.001) than those for the controls in all cases. The macrophages of calf No.3, which was fly challenged but was euthanatized prior to the first detectable parasitemia, also had a mean diameter significantly greater (P < 0.001) than those of the controls. Macrophages from the infected calves engulfed erythrocytes, normoblasts, neutrophils, eosinophils, and platelets (Figs. 3-5; Table 3 ).
In the ten infected calves, macrophages engulfed a total of 120 cells of the neutrophil lineage: 45 each segmenters and bands, 26 metamyelocytes, and four myelocytes. Of the 14 eosinophilic cells engulfed, eight were segmenters and two each were bands, metamyelocytes, and myelocytes. In general, the percentage of macrophages that engulfed cells increased with duration of infection. Although the intensity of erythrophagocytosis, as measured by the total number of erythrocytes engulfed by the macrophages, fluctuated with time, the degree of phagocytosis of normoblasts and granulocytes tended to increase with time. Many macrophages (12.9%) had phagocytosed cells from more than one lineage. Only one macrophage from calfNo. 7 was seen with an intact engulfed trypanosome. In four calves (Nos. 8, 11-13), promonocytes engulfed normoblasts, hematogones, or erythrocytes. The mean diameter of 100 megakaryocytes in marrow smears of the two control calves was 52.0 ± 1.4 m (range 36.25-73.75~m) compared with 57.5 ± 5.8 m (range 27.5-107.5~m) of 500 megakaryocytes in smears of ten infected calves (P < 0.001). Trypano-somes were seen in the smears of only two calves (Nos. 10, 13) during the routine counts of500 cells per smear; however, by selectively searching for trypanosomes in the smears, a few trypanosomes were found in smears of each infected calf.
Histopathologic changes in bone marrow
Calf Nos. 1-5 had packed cell volumes above 30% at the time bone marrows were examined. The marrow cellularity in these calves was similar (approximately 40-60% for the rib and sternum, and 10-40% for the femur). Calf No.6 (PCV: 22%) had a marrow cellularity similar to that of controls, but there were larger aggregates of erythroid cells with more erythroblasts than in the previous calves. Calf No.7 (PCV: 24%) had hypocellular marrow in which small groups ofthree to five erythroid precursors and very few erythrocytes were seen in the marrow space. There was a definite increase in the hematopoietic activity ofthe bone marrow in infected calves (Nos. 8, 10-13) in which the PCV had dropped below 20%. The marrows were more cellular (approximately 60-80%) than those of controls, and there were large aggregates of erythroid and myeloid precursors, in which both early and late precursors were seen. Calf No. 9 (packed cell volume 9%) was euthanatized because it was moribund. It had a hypocellular marrow that lacked organized erythroid islands; there were a few scattered normoblasts and very few erythrocytes. The megakaryocyte counts per sq. mm from the sections of the bone marrow were 7.0 ± 0.3 for the rib and 6.8 ± 0.4 for the sternum of control calves, compared with 7.4 ± 2.3 and 7.9 ± 3.4, respectively, for the infected calves. The megakaryocyte count rose from 1.2 ± 1.0 in the femur of control calves to 5.6 ± 3.0 in the infected calves. On the average, therefore, the mean megakaryocyte counts in sections of bone marrow were higher in infected calves than in the controls. This difference is made more significant by the expansion of red marrow in the shafts of the long bones during infections.
Lymphoid follicles became evident in calf No. 6 and were larger in calves examined thereafter. Large vacuolated macrophages, many of which had phagocytosed erythrocytes and leukocytes, were found in the sinusoids of four calves (Nos. 6, 7, 9, 11) . Fibrin was present in and around the sinusoids of three calves (Nos. 7, 10, 12).
Electron microscopic observations on bone marrow
Transmission electron microscopic examination confirmed several light microscopic findings and revealed other changes. In the marrow of calf No.4 (euthanatized on the second day of parasitemia), trypanosomes had crossed the sinusoidal wall and invaded the hematopoietic tissue. Thereafter, trypanosomes were seen in the hematopoietic compartment and in sinusoids in all other infected calves (Fig. 6) . Many macrophages were present in the hematopoietic compartment of calf No.4, many of which had phagocy-tosed erythrocytes (Fig. 7) , a few normoblasts, hematogones, platelets (Fig. 7) , neutrophils, eosinophils, and an occasional lymphocyte. Commonly, a macrophage phagocytosed more than one type of cell ( Figs. 7, 8 ), but the erythrocyte was the most common cell engulfed. Two neutrophils also engulfed one erythrocyte each. There was thickening of the marginal zones of some of the megakaryocytes, and several megakaryocytes showed emperipolesis of erythrocytes, neutrophils, and lymphocytes.
These findings in the hematopoietic compartment, i.e., extravascularization of trypanosomes, proliferation of macrophages with phagocytosis of mature and immature cells (Fig. 8) , and emperipolesis, were observed to varying degrees in the other nine infected calves. The macrophages became larger and developed more Iysosomes, mitochondria, and rough endoplasmic reticulum as infection advanced; furthermore, these activated macrophages were found in the sinusoids, mostly attached to the sinusoidal endothelium, ofcalves euthanatized from day 20 post-challenge onward. These sinusoidal macrophages contained erythrocytes, neutrophils, and, occasionally, normoblasts. A few normoblasts were present in the sinusoids of three calves (Nos. [11] [12] [13] . Fibrin strands were seen within and, less often, outside the sinusoids offive infected calves (Nos. 6, [8] [9] [10] 11) . In four calves (Nos. 8, 10, 12, 13) ,phagocytosis of red blood cells, normoblasts, and hernatogones by immature monocytoid cells with high nuclear: cytoplasmic ratio and nucleoli (i.e., promonocytes) was seen ( Fig. 9 ). Aggregates oflymphocytic cells were occasionally encountered in low-power scans of the bone marrow.
The bone marrow ofthe two control calves (Nos. 1, 2) did not show any abnormalities, although emperipolesis by megakaryocytes and phagocytosis of erythrocytes by macrophages around erythroblastic islands were occasionally encountered. Similarly, the bone marrow of the fly-challenged calf No. 3, euthanatized prior to patent parasitemia, was essentially normal, although there was a slight increase in macrophage activity.
Discussion
The long duration of the first wave of parasitemia seen with this isolate of Trypanosoma vivax (16.3 ± 1.0 days) has also been reported with other hemorrhagic T. vivax infections of cattle.P-" In contrast, shorter periods, lasting 7.9 ± 2.5 days,> 5 days," and 3 or 4 days,? have been reported in other bovine T. vivax infections. The level of parasitemia is positively correlated with the development of pancytopenia.v-" Therefore, the ability of the hemorrhagic isolates of T. vivax to sustain prolonged periods of unabated high parasitemias appears to be a major factor oftheir virulence.
Trypanosomes breached the blood-marrow barrier, i.e., the sinusoidal endothelium, as early as the second day of parasitemia, which may have important pathogenic consequences because trypanosomes come into direct contact with hematopoietic cells and may induce macrophage proliferation and activation. Presumably, the thinness and fenestration of the bone marrow sinusoidal endothelium;" which were observed in the bone marrow of calves, aided trypanosome extravascularization.
Anemia, a consistent feature of trypanosomiasis, is largely due to extravascular hemolysis, with compensatory hemodilution and possibly dyserythropoiesis. 6 , 3 7 The role of extravascular hemolysis was confirmed in our study by the presence of erythrophagocytosis in the spleen, liver (L. L. Logan-Henfrey, personal observations), and bone marrow,
The reticulocyte response to the anemia accompanying the first wave of parasitemia was significant. This response was superior to that reported in cattle infected with T. congolense.v-" The difference may be related to the acuteness of the anemia produced by this isolate of T. vivax. Nevertheless, the response in T. vivax infection is markedly inferior to those observed in cattle following phlebotomy" and Anaplasma marginale infection." in which anemia was comparable to that in the T. vivax infection. The reticulocyte response during the second wave of parasitemia was very poor despite the persistence of the anemia. Poor or absent reticulocyte responses occur in sheep and goats with T. vivax and T. congolense infections, whereas anaplasmosis, babesiosis, and haemonchosis stimulate considerable reticulocyte responses in association with anemias of comparable severity in these animals.v'
The poor reticulocyte response in T. vivax-infected calves was, at least in part, due to the marked phagocytosis of normoblasts, reticulocytes, and erythrocytes in the bone marrow. Phagocytosis of erythroid precursors would result in a greater iron uptake by the bone marrow than by circulating erythrocytes, which is consistent with the report that calves infected with T. congolense had increased plasma iron turnover rates, whereas iron incorporation into erythrocytes was normal.>? A combination of ineffective erythropoiesis and the presence of erythroblasts with either small size or abnormal mitosis suggests that dyserythropoiesis occurred in calves infected with T. vivax. Dyserythropoiesis is characterized by marrow hypercellularity, poor reticulocyte response, and phagocytosis of normoblasts.P Another possible mechanism of dyserythropoiesis is suboptimal production of erythropoietin.
Plasma from sheep infected with T. vivaxfrom infected mice increased erythropoiesis, as measured by retic-Anosa, Logan-Hcnfrey, and Shaw Vet Pathol 29: I, 1992 ulocyte counts, on the third week post-infection but decreased erythropoiesis during the fourth and fifth weeks of infection."
The early occurrence of leukopenia and its abatement before anemia and thrombocytopenia is in agreement with other reports.vv-? This study has shown that recovery of total leukocyte counts was due to marked lymphocytosis, while granulocytopenia persisted. The lymphocytosis may be related in part to a lymphoid hyperplasia in the spleen and lymph nodes (Ikede et aI., personal observations). Lymphoid nodules also became prominent in the bone marrow from day 15 post-challenge onwards, which was associated with increased marrow lymphocyte counts. A second factor favoring the development of lymphocytosis is the absence of any significant phagocytosis of these cells comparable to that of granulocytes. Because lymphocytes were rarely phagocytosed, the etiology of the early lymphocytopenia is not clear but may involve redistribution of lymphocytes to other sites, such as lymphoid organs.
This study demonstrated that the granulocytopenia was due to the phagocytosis of mature granulocytes and their precursors coupled with a general hypoplasia of the precursors in the bone marrow. This destruction of granulocytes may be accompanied by similar destruction of the mature cells in the spleen, liver, and hemolymph nodes, as has been reported in T. brucei infection of mice, 12, 13 T. congolense infection of sheep," and T. vivax infection of goats. 14 One consequence of phagocytosis of neutrophils and eosinophils and their non mitotic precursors is a decrease in the marrow granulocyte reserve; a similar drop has also been reported in T. vivax infection of sheep>? and in T. congolense infection of cattle." This reduction may be partly responsible for the often reported development of secondary infections, such as bacterial pneumonias, in trypanosome-infected animals.t-?
This study showed that three important mechanisms of thrombocytopenia are platelet phagocytosis, which was evident as early as 2 days after the onset of parasitemia, platelet clumping, which developed later, and possibly disseminated intravascular coagulation. The megakaryocyte mass (number per unit area x diameter) was slightly higher in infected animals than in the controls, so that atrophy of megakaryocytes could not account for thrombocytopenia. Megakaryocytes were seen in extramedullary sites, including lymph nodes, spleen, lungs, and pituitary (Ikede et aI., personal observations), presumably as part ofa general hyperplasia ofmegakaryocytes. An increase in megakaryocyte volume has also been reported in T. vivax infection of goats':' and in T. congolense infection of cattle." In a previous report following curative chemotherapy, an upsurge of platelet production leading to thrombocy-tosis was reported in cattle that had become thrombocytopenic after T. congolense infection; this upsurge was thought to result from the expansion of platelet production during infection. 53 Such an upsurge can only be explained by an increase of megakaryocyte mass, as was found in this study.
Thrombocyte aggregation that occurred in this study has been reported in T. vivax infection of goats':' and in other trypanosome infections.v-" The existence of disseminated intravascular coagulation in calves infected with T. vivax in this study is supported by the presence offibrin in the bone marrow and fibrin thrombi in the spleen (lkede et aI., personal observations), the appearance of erythrocyte fragments in the circulation, thrombocytopenia, and the presence of widespread hemorrhages in tissues. Disseminated intravascular coagulation has also been described in T. vivax infections of goats, sheep, and cattle.v> Hemorrhages seen in these calves may be related to the thrombocytopenia and exhaustion of clotting factors associated with disseminated intravascular coagulation.
Some events in the bone marrow in this study are previously undescribed features of trypanosome infections. First, marked destruction of normoblast and granulocyte precursors was seen in infected calves. Studies by others ofbone marrow did not reveal similar phagocytosis.v'-w">' however, few macrophages engulfed normoblasts in the spleen of T. brucei-infected mice.'? Second, there was marked hyperplasia and activation of macrophages, and a given macrophage phagocytosed a motley collection of cells -mature erythrocytes, granulocytes as well as their precursors, and platelets-in various combinations, suggesting a common mechanism of cell phagocytosis, such as the activation of macrophages to nonspecifically remove cells in their immediate vicinity or the enhancement of the removal of cells that are coated with trypanosomal antigen-antibody complexes. These complexes have been demonstrated on leukocytes and erythrocytes in T. congolense infection of cattle and sheep.">' Third, there was selective destruction of blood cells and their precursors; cells produced in the bone marrow, such as erythrocytes, granulocytes, and platelets, were phagocytosed in large numbers, whereas lymphocytes were seldom engulfed. This pattern of phagocytosis agrees with that seen in the spleen, liver, and hemolymph node in other trypanosome infections. [11] [12] [13] [14] Anti-erythrocyte and anti-platelet autoantibodies have been detected in T. vivax-infected cattle'> and would contribute to cell destruction.
Fourth, the response of the marrow to the pancytopenia was also selective; the precursors of some cell lineages, including erythrocytes, platelets, monocytes/ macrophages, and lymphocytes, showed relative hyperplasia, whereas the granulocytes were suppressed.
These effects are probably mediated by alterations of the marrow microenvironment and of concentrations of hematopoietins, including erythropoietin, thrombopoietin, granulocyte-macrophage colony-stimulating factor, macrophage colony-stimulating factor, etc. Cytokines, such as interferon-gamma and tumor necrosis factor, both of which suppress erythropoiesis,I7,28,40 may also be generated, thus leading to a suboptimal erythropoietic response.
Several changes in the bone marrow of T. vivaxinfected calves have also been described in human patients infected with Plasmodium falciparum or P. vivax. 45 In infected individuals," these changes include manifestation ofhypercellularity or hypocellularity coexisting with low reticulocyte counts,' thrombocytopenia with expanded megakaryocyte mass.'? phagocytosis ofleukocytes,'? and proliferation ofmacrophages with erythrophagocytosis.'
Finally, this study also raised several issues that need further investigation. Questions to be addressed include what causes macrophage activation, what induces cell phagocytosis in the bone marrow, why does a given macrophage usually engulf several cell types, and why do macrophages in bone marrow engulferythrocytes and leukocytes and their post-mitotic precursors but not their earlier forms. What roles besides cell phagocytosis the activated macrophages play and causes of selective bone marrow suppression of some cell lines also need investigation.
This investigation was limited to the study of the acute phase of trypanosomiasis, which is characterized by bone marrow hyperplasia. During the chronic phase oftrypanosome infections, gross hypoplasia ofthe bone marrow has been consistently observed." The morphologic pathology ofthe bone marrow during chronic trypanosomiasis needs further investigation.
